We used 32 polymorphic microsatellite loci to investigate how a mixed-mating system affects population genetic structure in Central American populations (N = 243 individuals) of the killifish Kryptolebias marmoratus (mangrove rivulus), 1 of 2 of the world's only known self-fertilizing vertebrates. Results were also compared with previous microsatellite surveys of Floridian populations of this species. For several populations in Belize and Honduras, population structure and genetic differentiation were pronounced and higher than in Florida, even though the opposite trend was expected because populations in the latter region were presumably smaller and highly selfing. The deduced frequency of selfing (s) ranged from s = 0.39-0.99 across geographic locales in Central America. This heterogeneity in selfing rates was in stark contrast to Florida, where s > 0.9. The frequency of outcrossing in a population (t = 1 − s) was tenuously correlated with local frequencies of males, suggesting that males are one of many factors influencing outcrossing. Observed distributions of individual heterozygosity showed good agreement with expected distributions under an equilibrium mixed-mating model, indicating that rates of selfing remained relatively constant over many generations. Overall, our results demonstrate the profound consequences of a mixed-mating system for the genetic architecture of a hermaphroditic vertebrate.
be genetically less variable than those of outcrossers. One major effect of inbreeding is the increased levels of individual homozygosity, which within several generations can reach nearly 100% in a population of predominant self-fertilizers (Hedrick 2005) . Although meiosis and crossing-over go on unimpeded in selfers, the elevated homozygosity reduces the number of realized recombination events, in effect tightening linkage and heightening gametic-phase disequilibrium throughout the genome (Charlesworth 2003) . Tight linkage between loci in selfers enhances opportunities for natural selection to "see" both beneficial and deleterious mutations and thereby to drive selective sweeps and promote background selection, eventually resulting in further reductions of within-population genetic diversity (Cutter 2006; Andersen et al. 2012) . Furthermore, because the impact of genetic drift is higher with smaller N e , population structure should be magnified by inbreeding (Maruyama and Tachida 1992; Charlesworth and Pannell 2001) , as has been demonstrated in several species of selfing plants and animals (Hamrick and Godt 1996; Jarne 1995; Jarne and Auld 2006) . Moreover, whereas genetic variation in local populations is expected to be low in selfing species, genetic diversity over the entire species' range may be exceptionally high due to pronounced population subdivision that conserves distinct genetic variants (Charlesworth and Pannell 2001; Ingvarsson 2002) . Finally, the ability of a single selfing hermaphrodite to establish a new population may further contribute to low intra-and high inter-population variation via genetic bottlenecking (Baker 1955) .
The mangrove rivulus, Kryptolebias marmoratus (Rivulidae) is a small fish that is most famous as the world's only self-fertilizing hermaphroditic vertebrate (Harrington 1961) . Indeed, the only other known selfing vertebrate (K. hermaphroditus; Costa 2011) has only recently been recognized as a distinct species. Because K. marmoratus previously was not distinguished from this sibling species, their respective exact geographic ranges are unknown. However, the combined ranges are broad: peninsular Florida, most Caribbean islands, including the Bahamas, and the Atlantic coast from Yucatan to southeastern Brazil (Taylor 2000 (Taylor , 2012 Tatarenkov et al. 2011 ). In addition to selfing, members of the mangrove rivulus occasionally outcross, apparently by spawning with gonochoristic males that occur in some populations. Thus, K. marmoratus also provides an example of androdioecy, a rare reproductive system involving hermaphrodites plus pure males (Avise 2011) .
With the exception of 1 surveyed population in Twin Cays, Belize (Turner et al. 1992a) , males appear to be rare (< ~2%) in most populations of K. marmoratus. There is currently no satisfactory explanation why males comprise about 20% of the Twin Cays population, while other locations in Belize and Honduras reportedly have male frequencies as low as 1-2%, similar to those observed in Florida and the Bahamas (Taylor et al. 2001; Turner et al. 2006; Ellison et al. 2012) .
Early studies involving fin grafts (Harrington and Kallman 1968) and DNA fingerprinting (Turner et al. 1992b ) implied that Kryptolebias lineages in Florida are homozygous across the genome and produce progeny that are genetically identical to one another and to the selfing parent. In contrast, all examined fish from Twin Cays, Belize were heterozygous, as inferred from segregant progeny, apparently due to crossbreeding between hermaphrodites and males (Lubinski et al. 1995; Taylor et al. 2001) . Later, all of these results were confirmed and extended by genotyping large numbers of microsatellite loci (Mackiewicz et al. 2006a,b,c) . Moreover, the use of microsatellites permitted estimates of selfing rates (s), which were found to be high (s = 0.91-1.0) in Florida and the Bahamas but considerably lower (s = 0.40-0.45) in Twin Cays, Belize. Subsequent genetic studies showed that natural populations were highly subdivided (Tatarenkov et al. 2007 (Tatarenkov et al. , 2012 , detected peculiarities in the distribution of isogenic lineages within and among sites (Tatarenkov et al. 2012) , found high selfing rates and low intrapopulational variation in K. hermaphroditus in southeastern Brazil (Tatarenkov et al. 2009 (Tatarenkov et al. , 2011 , and demonstrated random mating (s = 0) in another androdioecious congener, K. ocellatus (=K. caudomarginatus [Seegers]) (Tatarenkov et al. 2009 ).
Because most prior genetic analyses of K. marmoratus have focused on Floridian populations, with only 2 locations assayed in the Bahamas and Belize (Tatarenkov et al. 2007; Ellison et al. 2011 Ellison et al. , 2012 , population structure and outcrossing rates (t = 1 − s) remain virtually unknown across the remainder of the species' vast range. Meanwhile, geographic areas can vary greatly in population sizes and demography, correspondingly affecting population structure and selection on mating systems. Some of the factors shaping distinct population structure in Florida compared with other regions may be due to the fact that Florida is at the northern limit of the K. marmoratus distribution. Peripheral populations are generally smaller and often ephemeral, thus increasing the role of stochastic processes (genetic drift) resulting in more pronounced genetic structure (Eckert et al. 2008) . Marginal populations of many organisms are characterized by increased clonal reproduction because clonality eliminates the risk of not finding a mate in low-density populations and makes possible colonization by a single individual (Kawecki 2008) . When applied to mangrove rivulus, this may translate into higher selfing rates in Florida populations. Accordingly, here we extend our genetic analyses of K. marmoratus to additional sites in Belize and Honduras. Our objectives are to: 1) estimate selfing/outcrossing rates at new locales and evaluate the correlation of these rates with sexual composition of the populations; 2) compare observed distributions of heterozygosity to those expected under mixed-mating in steady state populations; 3) characterize local genetic differentiation and establish whether it follows an isolation-by-distance (IBD) model; 4) compare population structure in Florida and Central America; and 5) explore whether the patterns of genetic diversity and differentiation under selfing follow theoretical predictions and, in particular, whether a region with greater selfing has higher differentiation among populations than one with a higher incidence of outcrossing.
Materials and Methods

Samples
We analyzed a total of 243 specimens of K. marmoratus from several mangrove islands in Central America (Figure 1 ; Supplementary Table S1 online).
To compare population structure in Central America versus the Florida Keys, we used a previously reported dataset (Tatarenkov et al. 2012 ) with 2 small modifications: 1) we expanded the sample size for site CRWL by adding 17 fish; and 2) we added an additional sample (SOB, N = 11) from Sugarloaf Key (24°36'5.22"N, 81°34'34.08"W). The 2 geographic regions are similar in size and the microsatellite data are directly comparable (the same allele scoring system is used).
Frequency of males was estimated using all available specimens ever collected in particular locales.The sex of each specimen (hermaphrodite vs. male) was assessed by body coloration and availability of a black ocellus on the caudal fin; males are orange in color and lack the caudal ocellus.
Microsatellite Genotyping
Genomic DNA was extracted from fish fin clips preserved in 95% ethanol or DMSO solution using proteinase K method, as described in Tatarenkov et al. (2012) .
We used 32 microsatellite loci developed for K. marmoratus (Mackiewicz et al. 2006a ), which were amplified in several multiplex reactions, as described previously (Tatarenkov et al. 2012 ). Alleles were separated in an GA 3100 instrument and scored using Genemapper 4.0 (Applied Biosystems). Binning of alleles followed Tatarenkov et al. (2010) . We have deposited the primary data underlying these analyses with Dryad following data archiving guidelines (Baker 2013 ).
Statistical Analyses
GDA software (Lewis and Zaykin 2001 ) was used to calculate basic descriptive statistics (H E , H O , F IS ) and to find 95% confidence intervals for F IS by bootstrapping of loci. Rates of selfing (s) and outcrossing (t = 1 − s) were estimated from the empirical fixation index using the equation s = 2F IS /(1 + F IS ). We also used the program RMES (David et al. 2007 ) to estimate selfing rate using the maximum likelihood option; we refer to this estimate as s ml to distinguish it from s. Unlike estimation of s from F IS , the approach implemented in RMES does not use heterozygote deficiencies and, therefore, the 2 estimates of selfing rates are independent. Statistical significance of differences in selfing rates was determined by comparing unconstrained and constrained likelihoods, as described in RMES documentation. Pairwise and overall estimates of population differentiation F ST were computed in FSTAT (ver. 2.9.3.2; Goudet 1995), and significances were evaluated by performing 1000 permutations of genotypes among samples. Genepop (ver. 4.2; Rousset 2008 ) was used to test for IBD with a Mantel test and 10 000 permutations. Hierarchical analysis of genetic differentiation was conducted in HIERFSTAT (Goudet 2005) , with statistical significance of differences between sites within regions (F Sites/Regions ) and between regions (F Regions/Total ) being assessed with 1000 randomizations. The number of heterozygous loci (32 loci genotyped for each individual) was counted with the help of Microsatellite Analyser (MSA; Dieringer and Schlötterer 2003) . These "individual heterozygosity" scores were used to build distributions of individual heterozygosity for each population. Note that the average of individual heterozygosities divided by the total number of loci corresponds to the observed heterozygosity (H O ) of a population. In organisms with a mixed-mating system each individual has a selfing history characterized by the number of generations of self-fertilization until the most recent event of outcrossing. Since each generation of selfing reduces heterozygosity by a factor of 2, the distribution of individual heterozygosity should show discrete peaks formed by individuals of a particular selfing generation and, depending on the populational selfing rate, a peak formed by individuals resulting from outcrossing. If outcrossing is random, then the latter peak would correspond to gene diversity (H E ). Comparison of the observed distribution of individual heterozygosities with its expected distribution can be informative about mating patterns in natural populations. The theoretical distributions of heterozygosities under a mixed mating model were calculated as described in Mackiewicz et al. (2006c) . In addition to the assumption of random mating, this model also assumes constant allele frequencies and selfing rates across generations, no migration, and an absence of natural selection with respect to the level of individual heterozygosity (i.e., no inbreeding depression, no heterosis). The overall genotypic associations of individuals were displayed with a factorial correspondence analysis (FCA) using the procedure implemented in GENETIX (ver. 4.04; Belkhir et al. 2003) . The program STRUCTURE (ver. 2.3.4; Falush et al. 2003 ) was used to assign individual fish to a specified number (K) of clusters (presumed populations). The assignment is probabilistic, so that an individual may have joint membership in multiple populations, with membership coefficients summing to one. STRUCTURE was run under an admixture model assuming correlated allele frequencies for K ranging from 1 to 10. Ten independent chains were run for each value of K, each chain consisting of 50 000 burn-in iterations and 100 000 MCMC iterations. The method by Evanno et al. (2005) was used to determine the most likely value of K, using the Structure Harvester web service (http:// taylor0.biology.ucla.edu/structureHarvester/; Earl and vonHoldt 2012) . STRUCTURE in its original formulation was designed to infer subdivision of randomly mating populations. As K. marmoratus may violate model assumptions in STRUCTURE we also used the program INSTRUCT ) to repeat the clustering analyses. INSTRUCT is an extension of STRUCTURE that estimates selfing rates and takes them into account when inferring population structure. We ran INSTRUCT as described above for STRUCTURE, except that each independent chain had 100 000 burn-in iterations. The Deviance Information Criterion calculated in INSTRUCT was used to choose the appropriate K. Graphical output of the results of clustering was produced with help from the program DISTRUCT (Rosenberg et al. 2004) . INSTRUCT was also used to estimate the number of generations of selfing in the genealogy of the individual since an outcrossing event last took place.
Results
Variation Within Populations
A mean of 40.5 individuals was genotyped per population in Central America (Table 1) . Gene diversity (expected heterozygosity, H E ) ranged from 0.426 in SAND to 0.688 in TC; observed heterozygosity (H O ) varied from 0.005 in HON to 0.520 in TC. All populations showed a significant deficiency of heterozygosity, expressed as positive F IS . Taking into account confidence intervals of inbreeding coefficients and corresponding rates of selfing (Figure 1 ), 3 broad population groups can be distinguished: 1) HON with a high F IS (=0.991, corresponding to a selfing rate of s = 0.995); 2) Calabash Caye (TA), Long Caye (BW and CROB), and Sandbore Caye (SAND) with Table 1. intermediate F IS values (range 0.527-0.615, corresponding to selfing rates s = 0.690-0.762); and 3) Twin Cays (TC) with low F IS (=0.245, corresponding to s = 0.394). Maximum likelihood estimates of selfing s ml were somewhat lower than s (Table 1) , but the differences were not statistically significant in 5 populations where tests were possible. s ml could not be calculated for the HON population due to an insufficient number of usable loci, because RMES excludes variable loci without heterozygotes. In comparison, 26 loci variable in HON ensured firm estimate of s based on heterozygote deficiency in this highly selfing population. A test of heterogeneity of selfing rates confirmed that TC had a significantly lower rate of selfing than the other studied populations in Central America. Differences in selfing rates s ml were not statistically significant among TA, BW, CROB, and SAND.
Only 3 pairs of isogenotypes were found in this study: 1 pair each at CROB, SAND, and HON. With the exception of these 3 pairs of genetically identical fish, all other fish in our samples were distinct from one another, having at least 11 different alleles (among 64 total) and some pairs of individuals having 54 different alleles ( Supplementary Figure S1 online) .
The new or updated samples from Florida had variation typical for that region, with high H E (SOB: 0.495, CRWL: 0.448), low H O (SOB: 0.023, CRWL: 0.028), and high s (SOB: 0.978, CRWL: 0.968). Figure 2 plots the observed distribution of individual heterozygosities within each of the 6 Central American populations. Also shown are the expected distributions of individual heterozygosity under a mixed-mating model given the particular levels of gene diversity and rates of selfing that characterize each sample. In these expected curves, the distinct peaks correspond to classes of individuals resulting from outcrossing (rightmost peak), and various generations of selfing (peaks to the left).
Distribution of Individual Heterozygosity
With the number of loci used in our study and given the level of variation, it was generally possible to visually assign each fish to 1 of 4 classes produced by: outcrossing (F O ), first (F 1 ), and second (F 2 ) generations of selfing, and 3 or more (F 3+ ) generations of selfing. For high selfing rates, the observed and expected distributions are skewed to the left, such that many individuals have much lower H O than H E . In the extreme (at s = 1), all individuals in a population are completely homozygous (barring de novo mutation). The HON sample (s = 0.995) closely approximates this outcome, with nearly all fish being homozygous at 32 loci and the remaining few fish being heterozygous at only one locus. On the other hand, given that gene diversity in HON is H E = 0.497, under random mating these fish should have been heterozygous at 16 loci on average.
In the Belizean populations, individual heterozygosities were generally dispersed (Figure 2) , with some fish being heterozygous at up to 27 loci and others being completely homozygous. As selfing rates decrease, the expected distributions of heterozygosity become less skewed (as in BW), and may even become skewed to the right (as in TC) with many individuals having high heterozygosities corresponding to expectations under random mating (generation F O ). In populations from Calabash, Long, and Sandbore Cayes, (s = 0.69-0.76), at least 10% of the fish reached complete homozygosity, meaning that particular lineages apparently had passed through at least 4-5 generations of selfing. In Twin Cays (s = 0.39), not a single fish reached complete homozygosity. On the opposite end of the heterozygosity distribution for this locality, 37 fish displayed heterozygosities in the portion of the curve expected under random mating (rightmost peak), meaning that at least 63% of the fish in Twin Cays had resulted from outcrossing. This rough visual method for evaluating the number of selfing generations based on individual heterozygosity broadly corresponds to estimates produced by the program INSTRUCT, when the number of selfing generations is small (1-2), but it fails to correctly estimate larger numbers of selfing generations because resulting heterozygosities are lumped into single peak (F 3+ ). Numbers of selfing generations as estimated by INSTRUCT are shown on Supplementary Figure S2 online. The estimates of the number of selfing generations were obtained at K = 5, which was determined as the most likely number of populations by Evanno's method (see later). The program INSTRUCT estimates that nearly 63% of fish in TC resulted from outcrossing; corresponding figures of F O generation ranged from 18% to 30% in 4 Belizean populations that had similar selfing rates (TA, CROB, BW, and SAND), and there were no fish produced by outcrossing in HON. INSTRUCT confirmed that no fish in TC selfed for more than 3 generations, whereas about 18-43% of fish in the other populations from Belize were a result of 4 or more generations of selfing. The fully homozygous fish in these populations were produced by 6-7 generations of selfing. In HON selfing is very high (>99%); according to INSTRUCT, homozygous fish sampled in this population had their last ancestor generated by outcrossing 22-23 generations back, and 3 fish that were heterozygous at 1 locus trace back to outcrossed ancestors for 7 generations of selfing (Figure 2, Supplementary Figure S2 online). , coefficient of inbreeding; s and s ml are 2 independent estimates of selfing-s is based on F IS and s ml is found by maximizing the log-likelihood of the multilocus heterozygosity structure of the sample (see Materials and Methods section). All F IS values are highly significant (P < 0.0001) as evaluated by randomization in FSTAT (Goudet 1995) . s and s ml are not significantly different in each population. Mean value of s ml does not include HON population, the selfing rate of which could not be determined by this method.
Geographical Differentiation
Genetic differentiation between sample locations was statistically significant in each pairwise comparison as well as overall (after Bonferroni correction for multiple testing). The smallest value of F ST (0.018) was between BW and CROB, which are only 400 m apart on the same mangrove island (Long Caye). Differentiation between samples from different cayes averaged F ST = 0.245, but varied considerably in pairwise comparisons (range 0.126-0.430). The geographically remote HON site was genetically the most distinct from all other samples (mean F ST = 0.307). Among Belizean locales, SAND was most strongly differentiated from the rest (F ST = 0.227-0.289) despite its relative proximity to TA and Long Caye. Likewise, TA was genetically closer to TC than to Long Caye despite being geographically closer to the latter. Overall, there was an indication of a Table 1. weak isolation by distance in the area studied (Mantel test: 0.05 < P < 0.10).
Analysis of genetic relationships at the individual level using 2 different approaches-FCA and clustering analysis implemented in the programs STRUCTURE and INSTRUCT-further confirmed strong population structure in K. marmoratus (Figure 3 ). In the FCA plot, 4 rather compact genetic groups or clusters were formed: HON, TA + TC, BW + CROB, and SAND. Within the mixed clusters individuals from adjacent BW and CROB broadly overlapped, whereas a majority of individuals from TA and TC were generally well separated, except for some overlap due to a penetration of a few TC individuals deep into the TA cluster. Interestingly, although nearly all fish from the SAND locality formed a tight genetic cluster (Figure 3 ), 1 individual (SAND24) from this site appeared in the middle of the BW + CROB genetic group, thus suggesting a recent migration event from Long Caye to Sandbore. A closer inspection of SAND24 reveals that this individual is probably a first generation migrant. High H O in SAND24 (17 of 32 loci) clearly indicates that this fish was produced by outcrossing between 2 distinct lineages. If SAND24 had resulted from an outcross between a local SAND fish and a migrant from another population, it would occupy an intermediate position between the clusters corresponding to those 2 populations. Instead, SAND24 is firmly embedded within the BW + CROB cluster. This genetic evidence points to this specimen as being a first generation outcross migrant to SAND, rather than the descendent of a migrant.
Application of Evanno's method to STRUCTURE analyses suggested that the most probable number of clusters is K = 5. Under this configuration, individuals are firmly assigned to only one population ( Figure 3B ), thus grouping fish of the same islands together with high probability. The only exception was fish SAND24, which, although collected from Sandbore Caye, was strongly assigned to Long Caye. This confirms results of FC analysis and indicates that SAND24 is a migrant. Noteworthy, STRUCTURE analysis (same as FCA) was unable to distinguish between fish from 2 locations (BW and CROB) of the same island; application of higher K values resulted either in individuals of mixed membership or in strong assignments that did not coincide with geographic separation between BW and CROB. On the other hand, STRUCTURE analysis reliably distinguished between fish from TA and TC, whereas separation of these fish in FCA was less conclusive. Clustering analysis using INSTRUCT produced virtually indistinguishable clusters from those of STRUCTURE ( Supplementary Figure S3 online) ; 5 clusters were apparent, each cluster corresponding to a single caye population. Fish SAND24 was confirmed as a migrant from Long Caye (or that area). Table 1 ). In both panels the arrow points to fish SAND24, which was captured in Sandbore Caye but was genetically affiliated with the Long Caye population, from which it probably migrated.
Discussion
We found high variation in rates of selfing/outcrossing in K. marmoratus from Central America. Selfing rates ranged from s = 0.99 in Honduras, to s = 0.39-0.76 across several proximate sites in Belize, all separated at most by 160 km (Figure 1 ). This variation in selfing rates between surveyed sites in Central America is much higher than the variation previously reported in Florida, where all populations showed s > 0.90. The higher selfing rates in Florida may be advantageous for mangrove rivulus as the ability to self ensures reproduction in the absence of mating partner, which is important in low-density marginal populations (Kawecki 2008) .
As a result of intense inbreeding, most fish in Florida were homozygous across all loci (Tatarenkov et al. 2012) and only rarely did a fish have 2 parents from an outcross event. In Central America, only the Honduran population was similar to Florida in this regard. Observed and expected (under a mixed-mating model) distributions of individual heterozygosity generally showed good correspondence in all of the surveyed populations in Central America (Figure 2 ). This suggests that despite the spatial heterogeneity in selfing rates among populations, selfing rates within populations were relatively stable through time. Constancy of the selfing rates was previously demonstrated in Twin Cays, where samples from the same population 14 years apart yielded similar estimates of s (Tatarenkov et al. 2007 ). The strong correspondence between observed and expected distributions of heterozygosity also indicates that the probabilities of reproducing either by selfing or by outcrossing are approximately equal for each fish in a given population. In other words, there is no evidence that some subset of fish is more likely to reproduce by selfing while other fish are inherently far more likely to outcross consistently.
Outcrossing in K. marmoratus is thought to be mediated by males; matings between hermaphrodites have never been described in the lab or in nature (Sakakura and Noakes 2000) , similar to what has been also reported for other androdioecious animals such as nematodes and branchiopods (Weeks et al. 2006 ). Thus, we ask whether an empirical relationship exists between the abundance of males and outcrossing rates across populations. We do indeed find a broad correspondence for our Floridian and Central American locales (Figure 4 ). However, much of the trend was due to the presence of the TC sample, in which the outcrossing rate and male frequency were both exceptionally high. If the TC population is ignored for a moment, then the overall relationship becomes somewhat vague. For example, males comprised only 2.5% of the population in Calabash Caye, yet outcrossing there was about t = 0.30. In comparison, the frequency of males in Honduras (2.1%) was only slightly lower than in Calabash, yet the outcrossing rate in Honduras was t <0.01. The absence of a more robust relationship between male frequency and outcrossing rate suggests that other factors may be involved, lending credence to the possibility that hermaphrodites can mate with each other (Mackiewicz et al. 2006c ), particularly given the fact that spermatozoons in the mangrove rivulus have morphological structure typical of externally fertilizing fishes (Kweon et al. 1998 ). Another possibility is that a certain "threshold" number of males is necessary to significantly drive rates of outcrossing.
An even more puzzling question is what determines the frequency of males. Twin Cays is not far from the other studied Belizean cays and ostensibly has a similar environment, yet the abundance of males on this mangrove island is much higher than at the other sites. In a common garden experiment, Turner et al. (2006) showed that the production of males in K. marmoratus is influenced by both genetics and environment, but much further study is needed to clarify this issue.
In our study, the distances between local collections varied from about 400 m, between 2 sites in Long Caye, to 160 km, between Utila in Honduras and Sandbore Caye in Belize. The pairwise value of genetic divergence between 2 sites belonging to the same cay yielded a low but statistically significant value of F ST = 0.018. Ellison et al. (2012) reported a somewhat higher level of differentiation (F ST up to 0.075) between sites from Calabash Caye that were separated by distances of up to 1 km, but if we disregard 1 sample in Ellison's dataset that had very few individuals, then the earlier estimate becomes approximately F ST = 0.025, which is quite similar to the F ST values at this spatial scale in our current study of Central American sites. By contrast, differentiation between populations on different cays was pronounced in Central America, reaching F ST = 0.43 in some comparisons and being F ST = 0.25 on average. Not surprisingly, there was pronounced genetic differentiation between Central America and the Florida Keys, as evaluated by a hierarchical F ST approach ( Supplementary Table S1 online). Overall F ST was 0.335, with about equal amounts being attributable to "differences between regions" and to "differences between sites within regions." Differentiation at all levels was highly significant statistically.
For surveyed sites in Central America, we detected only a mild correspondence between genetic divergence and geographic separation (P < 0.1). Still, 47% of the variance in genetic differentiation could be attributed to the variance in geographic distance between samples, and F ST increased by a value of 0.20 for every 100 km of spatial separation ( Figure 5 ). Comparable analyses for the Florida Keys, excluding 1 artificial population from a drainage ditch, similarly yielded evidence for mild isolation by distance in K. marmoratus (Mantel test P < 0.05, Figure 5 ).
Theory predicts that inbreeding facilitates the formation of population structure because genetic drift is greater when N e is small (Maruyama and Tachida 1992; Charlesworth and Pannell 2001) . This relationship has generally been confirmed experimentally in several species of plants (Hamrick and Godt 1996) and animals (Jarne 1995) . Comparison of population structure in K. marmoratus in 2 areas, Florida and Central America, with distinct selfing rates does not follow the prediction. In fact, genetic differentiation among Central American populations, which have lower selfing rates, is slightly higher than in Florida Keys at the same geographical distances ( Figure 5) ; this relationship holds even if HON (population with high selfing rate) is not considered. Taking into account that population densities of mangrove rivulus in Central America are not lower than in Florida (pers. obs.), such a pattern of differentiation suggests that dispersal in Central America may be hampered by some barriers. A possible impediment could be very deep and relatively wide channels with strong currents that separate reef ridges upholding cayes of our study. In contrast, the Florida Keys are surrounded by shallow waters and form a nearly continuous shoreline, with the Florida Current along it enhancing connectivity. A systematic survey that includes samples within and between distinct reef systems is necessary to better understand dispersal and gene flow in K. marmoratus. 
